Abstract. Two field experimentson P fertilization were conducted on clay soils in Southern Finland. The rates of P applied yearly in granular NPK fertilizers were 0, 13/16, 26/32, 47/56 and 60/72 kg P/ha in 1974-82/1983 -85. Oats, barley, spring wheat and winter wheat were grown, in two years also oil seed crops. In one experiment, the maximum yield of cereal grains in the first nine years (4 460 kg/ha) was reached at the P rate of 13 kg/ha, but thereafter at 32 kg P/ha. The average difference between the maximum yields and the ones obtained without P fertilization was 470 kg/ha (12 %) in 1974-80, but during the last four years the difference increased to I 360 kg/ha (40 %), owing to the depletion of P in the plots not fertilized with P. Also in the other experiment, in which the maximum yield of cereal grains (4 790 kg/ha) was obtained at the P rate of 26/32 kg/ha, the response to P fertilization increased towards the end of the trial, the mean response during the last three years being 570 kg/ha (12 %). Phosphorus fertilization, up to the P level at which the maximum yield was reached, decreased the moisture content of cereal grains at harvest. The quantity of P extracted with 0.5 M NH 4 -acetate-0.5 M acetic acid (pH 4.65) decreased in the plots not fertilized with P, from 5.8 mg/l to 2.2 mg/l and from 6.2 mg/l to 1.8 mg/1 in the course of the two trials. The original level of acetate-extractable P was somewhat maintained but not elevated by P rates of 26/32, 47/56 and 60/72 kg/ha. Residual P was recovered mainly in the fractions extractable with NH 4 F ("Al-P") and NaOH ("Fe-P").
Introduction
Plants take up phosphorus from the fertilizer being applied currently as well as from the previous reserves contained in the soil. Field experiments conducted in the USA and Australia recently showed that only 9-23 % (Sharpley 1986) (Saarela 1989) showed that less response to P fertilization was obtained in soils moderately high in easily soluble P than in soils low in easily soluble P. Those results imply that in soils high in easily soluble P, current fertilization has only a minor contribution to the P supply to the plants. Besides soil properties, the quantity of plant-available P in the soil depends to a large extent on the applications of fertilizer P given to the soil in the past (Jankovic and Nemeth 1979, Hartikainen 1989 b) . In order to assess the appropriate rate of P fertilization in the long run, experiments on P fertilization need to have a sufficient duration so that also the labile pool of P in the soil has time to be modified to the size determined by the rate of P fertilization. Further, long-term field experiments are needed for the calibration of soil fertility tests.
The present paper is based on the results of two field experiments which lasted 11 or 12
years. The aim is to contribute to the determination of the level of P fertilization at which the supply of P to the crop does not limit yield formation but, on the other hand, does not lead to a build-up of unnecessarily high levels of easily soluble P in the soil. Therefore, in addition to the quantity and quality of the yield, the P status of the plots receiving repeated applications of fertilizer P was examined. (Vuorinen and Mäkitie 1955) , and the pH was measured in water suspension using the soil-to-water ratio of 1:2.5.
Materials and methods
At the end of the experiment, a composite sample of about 25 kg was taken from each plot and analyzed for the particle size distribution and organic carbon. The samples were also analyzed for poorly crystalline Fe and Al, extractable with 0.05 M NH 4 -oxalate at pH 3.3 (Hartikainen 1982) as well as for watersoluble P (Hartikainen 1982) . Some properties of the experimental fields are listed in Table 1 . Further, inorganic P of the samples taken at the end of the trials, was fractionated according to a slightly modified version of Chang and Jackson's procedure (Hartikainen 1979).
The granular compound fertilizers for the experiments were manufactured at the pilot plant of Kemira Oy Espoo Research Centre. The fertilizers had increasing concentrations of P (Table 2) . Nitrogen fertilization together with sowing was 100 kg (N/ha in 1974-1982 and 120 kg N/ha in 1983-85 . Potassium fertilization was 80 and 96 kg K/ha, respectively. The rates of P were 0, 13, 26, 47 and 60 (Table 3) in experiment A, but in experiment B also winter wheat and oil seed crops were grown. Winter wheat received 55 kg N/ha in spring, in addition to the NPK fertilization applied in the previous fall together with sowing. After harvest, the grain or seed yields were weighed and their moisture content was determined. The grains and seeds were analyzed for P by a vanado-molybdate method (Saari and Paaso 1980) . The straw was ploughed under.
Results
The yields of cereal crops varied from year to year, mainly because of weather conditions. In the plots fertilized yearly with 26/32 kg P/ha, the grain yields ranged from 3 270 Table 4 . Grain and seed yields in the plots fertilized with different quantities of P*.
kg/ha to 5 360 kg/ha and from 2 570 kg/ha to 5 800 kg/ha in experiment A and B, respectively ( Fig. 1) . In 1977 the low yield of winter wheat in experiment B was caused by winter damages, and in 1981 the yields were low in both trials because the weather was wet and exceptionally cool. The coefficients of variation (s/x) for grain yields were 15 % and 26 % in experiment A and B, respectively. According to analysis of variance and the Student-Neuman-Keuls' test (Steel and Torrie 1980) , P fertilization increased the average yields of cereal crops statistically significantly in both experiments (Table 4 ). The increase was greater and more consistent in experiment A (F = 38.54***) than in experiment B (F = s.so***). The oil seed crops, cultivated in two years in experiment B, did not respond to P fertilization as far as the size of the yield was concerned.
The effects of P fertilization on the yields of single experimental years were also studied. In experiment A, P fertilization increased grain yields in 10 out of 12, the nonexistent response occurring in the 2nd and 3rd experimental years. In experiment B, the yields obtained from the plots fertilized with P were statistically significantly greater only in the sth, 9th, 10th and 11th experimental year.
Based on the magnitude of the response to P fertilization by grain crops, the experiments were divided into two periods (Fig. 2) . During the first part, consisting of seven years (1974 -80) in experiment A, the maximum yield was reached at the P rate of 13 kg/ha, at which 470 kg/ha (12 %) more grain was obtained, compared to the plots not fertilized with P. In the latter period (1981 -85), the yield increase, attributable to P fertilization of 13/16 kg/ha, was as much as 1 060 kg/ha (33 %). Differing from the earlier years, the maximum yield during the last three seasons (1983 -85) in experiment A was reached at the P rate of 32 kg/ha, at which the yields were 1 360 kg/ha (40 %) greater than those obtained without P fertilization. In experiment B, the maximum yields were obtained at the P rate of 26/32 kg/ha throughout the experimental period. During the earlier part (1975 -81) of experiment B, the average yield increase of cereal grains, attributable to P fertilization, was 250 kg/ha (6 %), but during the latter part (1983 -85) , it was increased up to 570 kg/ha (12 %). According to the paired t test (Steel and Torrie 1980) , the average increases in yields of cereal crops were also statistically significantly greater during the latter period of the trials, the test values being t = 39.35*** and 4.56* in experiment A and B, respectively. When P fertilization was increased from 0 to 13/16 kg P/ha, the moisture content of cereal grains at harvest decreased by 1.8 and 1.0 percentage points on average in experiment A and B, respectively. In the six wet growing seasons, when the moisture content at harvest was more than 30 %, the corresponding difference was as much as 3.5 percentage points, which indicates that P fertilization had speeded up the development of the crop. The difference was smaller in dry years. Additional decrease in the moisture content of the grains did not occur as a result of P rates beyond the level at which the maximum yield was reached.
The phosphorus concentration in the cereal grains did not depend on the size of the yield or on the cereal grain species cultivated, and it was only slightly elevated by P fertilization (Table 5 ). The effect of P fertilization on the P concentration was more prominent in the oil seed crops, which also had a considerably higher concentration of P than did the cereal grains. The differences in P concentration of the cereal grains were much greater between the yields obtained in different years than the ones attributable to P fertilization within a given year. The uptake of P by the crop was enhanced by P fertilization in both experiments, mainly owing to the increase in the size of the yields. Considerable quantities of P were mined from the soil by the crops grown without P fertilization. In the last experimental year, the crop in experiment A was still able to extract as much as 11.6 kg P/ha from the plots not fertilized with P in 12 years although, at that point, the yield formation was already seriously limited by the poor supply of P, as indicated by the yield increase of 32 % in the plots receiving 32 kg P/ha. The P balances of the plots were calculated as differences between the quantities of P given in fertilizers and those removed via the crops (Table 6 ). The plots receiving no P fertilization were depleted by 141 and 153 kg/ha in experiment A and B, respectively. The plots receiving 13/16 kg P/ha yearly did not gain or lose P, and P was accumulating in the plots receiving higher rates of P. Residual P had accumulated in forms extractable with NH 4 F ("Al-P") and in experiment B also with NaOH ("Fe-P") ( Table 7 ). The fraction extracted with H 2 S0 4 ("Ca-P") had increased slightly in experiment A. In absolute amounts, both "Al-P" and "Fe-P" were equally affected by the fertilization treatments, but due to the smaller quantity of "Al-P", the relative changes in this fraction were more pronounced. Assuming the depth of the plough layer to be 25 cm, the recovery of residual P Table 6 . Inputs and outputs of P during the experimental period of 12 years (experiment A) and 11 years (experiment B) as well as the P status of the plots at the end of the trials. * Each column and experiment has been tested separately. Means with a common letter are not different at the 95 % level of statistical probability. in each plot was calculated as the quantity of total fractionated P from which the quantity of P in the plots not receiving P during the experiment was subtracted (Table 8) . These quantities were compared to the theoretical differences created by fertilization and P uptake of the crop and calculated from the data in Table) . In terms of inorganic P, the plots fertilized and not fertilized with P differed from each other less than expected, and the recovery of residual P was no more than 24 -71 % of the theoretical quantities. The soil analyses performed during the ex periments (Fig. 3) showed that in experiment B, the quantities of P AAAc were continuously decreasing in the plots receiving no P or 13/16 kg P/ha yearly. The ones fertilized with 26/32 kg P/ha or 49/56 kg P/ha (not shown in Fig.  3) somewhat maintained the original level of P AAAc . Even in the plots receiving 60/72 kg P/ha yearly, no marked increase of P AAAc was measured. In experiment A the soil analyses did not show equally clear trends in any of the various P treatments. Nevertheless, at the end of the experimental period the level of P AAAc was the higher the more P had been applied to the plot, with the exception of plots receiving 60/72 kg P/ha (Table 6 ). According to the paired t test, the differences in P AAAI .
extracted from the plots receiving the same fertilization in the two experiments were practically nonexistent at the end of the experiments (t = 0.86 ns ). However, extraction of P with water (P w ) revealed considerable differences between the two experiments. The quantities of P w were higher in experiment A when the corresponding plots of the two experiments were compared (t = 4.71 **). Fig. 3 . Development of the quantities of P extracted with 0.5 M NFl 4 -acetate-0.5 M acetic acid at pH 4.65 ( p aaac) ' n plots fertilized with different rates of P. 
Discussion
In a long-term experiment on P fertilization, residual P accumulates in the plots fertilized with P; in plots not receiving this nutrient, P is continuously depleted. Repeated P treatments thus lead to a continuous differentiation of the plots in terms of the P status of the soil, a phenomenon disclosed in both of the present experiments. Therefore, the response to P fertilization in such experiments must be considered a function of current P fertilization as well as of residual P accumulated in the soil since the beginning of the trial. The most important outcome of the present experiments may indeed be the documentation of the phenomenon that the apparent response to P fertilization was increasing over time, as was also reported by Li and Barber (1988) . However, it must be pointed out that the phenomenon was due to the depletion of the plots receiving no P fertilization, which was used as the reference level. The overall response to P fertilization in experiment A was as much as double the response obtained by Saarela (1989) in a series of field experiments in which cereal grains were cultivated for 10 years in soils which in terms of P AAAc were in the same range as the present trials. In experiment A, the response to P fertilization was of the same magnitude as reported by Saarela (1989) . The limited material does not allow conclusions to be made about the response of various cereal grain species to P fertilization.
During the first few years, greater response to P fertilization was obtained in experiment A than in experiment B. This was in agreement with the smaller quantities of P AAAc extracted from the plots receiving no P in experiment A. However, towards the end of the experiments the plots to which no P was applied did not differ from one another in the two experiments in terms of P AAAc . The soil analyses performed in the latter period of the experiments thus contradict the yield increases, which were much greater in experiment A. This result suggests that despite the equal P AAAc , the soil of experiment A had a poorer P status than that of experiment B. The difference between the experimental soils was, however, disclosed by the water extraction, performed at the end of the trials. This observation is in line with other studies in which water extraction has been superior to the AAAc method in predicting yield increases obtained by P fertilization in field experiments (Sippola and Saarela 1986) or P uptake by plants in pot experiments (Aura 1978, Sippola and Jaakkola 1980) . It may be suggested that an AAAc extraction in which the soil: solution ratio is only 1:10 gives an estimate for P intensity. In turn, it was shown by Schachtschabel and Beyme (1980) in either of the experiments. It remained an open question whether the residual P was really converted in the soil into forms unavailable to plants or whether the current result was an indication of the extensive P buffer capacity of the two soils rich in poorly crystalline A 1 and Fe. Due to the fact that the soil samples taken at the beginning of the experiments were not available for the fractionation of P, conclusions about the influence of P fertilization on the fractions need to be made by studying the differences in P fractions within an experiment at the end of the experiment, and assuming that the plots did not differ from one another in terms of P fractions at the beginning of the experimental period. Despite these shortcomings, the current results were in accordance with those of Hartikainen (1989a) who found that residual P seemed to accumulate mainly in the fractions extractable with NH 4 F ("Al-P") and NaOH ("Fe-P"). Low recovery of residual P, observed in the present study, has earlier been reported by Barber (1979) , who discovered that only half of the calculated quantity of residual P was recovered when total P was determined at the end of a 25-year field experiment. Among the several processes which contribute to the low recovery of fertilizer P, major effects by erosion can be excluded in the present experiments due to the flatness of the area, and leaching of P seems unprobable in soils rich in poorly crystalline A 1 and Fe. Net transformation of P into organic phosphates, suggested to be important by Wagar et al. (1986) , or occlusion of P into inorganic forms not extracted in the fractionation procedure, may explain part of the low recovery. An additional explanation may be exchange of soil between the plots. In a Danish study by Sibbesen (1986) it turned out that the net import of soil richer in P from the adjacent plots had more than compensated the export of P in the harvested crop in the plots not receiving P fertilization in two 90-year field experiments. The plots which according to the experimental design got no P fertilization, have probably gained soil from other plots richer in P also in the present trials. Supplement P entering these plots along with the imported soil material evidently increased the quantities of inorganic P measured upon fractionation. Since the recovery of residual P was calculated as the difference in the quantities of inorganic P measured in the plots fertilized and not fertilized with P, import of soil inevitably results in low apparent recovery of residual P.
In experiment B, the difference in yields obtained from the plots fertilized and not fertilized with P exceeded 10 % only in the last few years. This indicates that major accumulation of plant-available residual P had occurred in the soil prior to the experiment. In experiment A, the pool of labile P was less extensive, since a response to P fertilization was obtained from the very first experimental year. Even though the fertilization with 13 kg P/ha was sufficient for most of the experimental period, the yields at that P rate were obviously produced at the expense of the labile P reserves of the soil. Fertilization with 13/16 kg P/ha was not able to prevent those reserves from decreasing below the critical level. This was indicated by the fact that during the last few years in experiment A, the maximum yields were obtained at a higher P level, 32 kg/ha. The present experiments demonstrate that if the soil contains considerable reserves of plant-available P at the beginning of the experiment, the results of the first few years prompt recommendations for P fertilization that are too low in the long run. The long-term requirement of P fertilization in the cultivation of cereal crops in the current experiments was approximately double the export of P in the grain yields. At that P rate, it was possible to maintain both the maximum yields and the intensity of P in the soil.
